INTRODUCTION
============

Intrauterine growth retardation (IUGR) is the impairment of organ development and fetus growth of a mammal during pregnancy, and such retardation increases neonatal morbidity and mortality \[[@B1]\]. Epidemiological evidence shows that IUGR adults are more prone to have hypertension, obesity, type 2 diabetes, and other metabolic diseases \[[@B2]\]. Mitochondria, the main sites of adenosine triphosphate (ATP) production in mammalian cells, have an essential role in energy homeostasis, cellular metabolism, and apoptosis \[[@B3][@B4]\]. On the basis of several previous observations, we hypothesized that the possible mechanisms responsible for metabolic syndrome in adult IUGR offspring are impairment of mitochondrial biogenesis and energy deficiency \[[@B5][@B6][@B7]\]. Indeed, it has been demonstrated that IUGR decreases the concentration of ATP and the transcriptional levels of genes involved in mitochondrial biogenesis, and it impairs activities of mitochondrial enzymes related to oxidative phosphorylation (OXPHOS) in the liver of IUGR animals \[[@B7][@B8][@B9]\].

Branched-chain amino acids (BCAA), a set of essential amino acids, have critical roles in protein metabolism and energy production \[[@B10][@B11][@B12]\]. Among the BCAA, leucine has been the most extensively investigated due to the varied physiological roles it has in protein synthesis and degradation, stimulation of insulin secretion, and blood glucose homeostasis \[[@B13][@B14][@B15]\]. In addition, leucine has been demonstrated to improve hepatic mitochondrial function, as evidenced by increases in citrate synthase (CS) activity and ATP concentration \[[@B16]\]. *In vitro* experiments have also shown that leucine can increase mitochondrial content and stimulate mitochondrial biogenesis \[[@B17][@B18]\].

We previously reported that leucine supplementation can alleviate IUGR-induced decreases in final body weight, average daily gain, and feed intake of weanling piglets during the first three weeks post-weaning, along with increasing the relative weight of the liver of piglets at 35 days of age \[[@B19]\]. It is unknown whether these beneficial effects are associated with possible alterations in hepatic mitochondrial biogenesis and energy metabolism following leucine supplementation. Therefore, the current study was conducted to investigate the effects of leucine on hepatic mitochondrial biogenesis and energy metabolism in normal birth weight (NBW) and IUGR weanling piglets. Considering the physiological similarities between humans and pigs \[[@B20]\], this study may provide a new strategy for handling IUGR offspring during the early post-weaning period.

MATERIALS AND METHODS
=====================

Ethical statement
-----------------

The experiments performed in the present study were approved by the Nanjing Agricultural University Institutional Animal Care and Use Committee (NJAU-CAST-2014-065) and followed current animal protection laws \[[@B21]\].

Experimental animals and design
-------------------------------

Pregnant sows (Landrace × Yorkshire) with similar parity (2^nd^ or 3^rd^) and similar expected dates of confinement were selected and fed a commercial diet during pregnancy. At birth, the birth weight (BW) and sex of each newborn piglet (Duroc × (Landrace × Yorkshire)) were recorded. In each litter, piglets with a body weight of 1.52 ± 0.06 kg and 0.87 ± 0.04 kg at birth were defined as NBW and IUGR piglets, as previously reported \[[@B7][@B22]\]. A total of sixteen pairs of NBW and IUGR piglets from sixteen sows were selected according to their BW. At postnatal day 14, all piglets were weaned and fed either a control diet (CON; 14.5 g leucine per kilogram of feed) or a leucine-supplemented diet (LEU; 18.0 g leucine per kilogram of feed) for 21 d. Thereafter, all piglets were distributed into four groups (NBW-CON, NBW-LEU, IUGR-CON, and IUGR-LEU). Each group consisted of eight replications with one piglet per replication (four males and four females). Dietary leucine supplementation was achieved by adding L-leucine (98%; Sigma-Aldrich, St Louis, MO, USA) into the piglets\' feed, replacing the equivalent weight of corn; the concentrations of other nutrients were maintained constant in all experimental diets. The dietary leucine dosage was selected according to an independent study by study colleagues in which the optimum effects of leucine on growth performance in weanling piglets were observed at a dosage of 18.0 g/kg of feed (unpublished). The composition and nutrient levels of the piglets\' diets, formulated to meet the nutritional requirements set by the National Research Council (2012) \[[@B23]\], are presented in [Table 1](#T1){ref-type="table"}. Piglets were housed individually in pens with plastic floors (1 m × 0.6 m) at 28℃ and were given *ad libitum* access to feed and water.

Sample collection
-----------------

All piglets were sacrificed at postnatal day 35 by intramuscular injection of sodium pentobarbital (50 mg/kg body weight) at 12 h after the last meal. Liver samples were removed immediately after sacrifice, frozen in liquid nitrogen after snipping, and stored at −80℃ prior to analysis.

Measurement of hepatic ATP, adenosine diphosphate (ADP), and adenosine monophosphate (AMP) concentrations
---------------------------------------------------------------------------------------------------------

Analyses were carried out by using high-performance liquid chromatography (HPLC) as described in a previous study \[[@B24]\]. Approximately 80 mg of frozen liver samples were homogenized with 1.5 mol/L perchloric acid and centrifuged to obtain supernatants. The collected supernatants were neutralized with 2 mol/L potassium carbonate and centrifuged again to obtain supernatants for analysis by using a Thermo Ultimate 3000 HPLC system (Thermo Fisher Scientific, Waltham, MA, USA) with a C18 chromatographic column (Thermo Fisher Scientific, Waltham, MA, USA). The mobile phase (50 mmol/L K~2~HPO~4~-KH~2~PO~4~ buffer solution and methanol (HPLC grade); 99:1, v/v; pH = 7.0) was filtered (0.45 µm filter) and degassed before use. All standards and samples were filtered (0.22 µm filter) and injected (20 µL) to the HPLC system. The wavelength for UV detection was 254 nm, the flow rate was 1.0 mL/min, and the column temperature was 40℃. Total adenine nucleotide (TAN) and adenylate energy charges (AEC) were calculated by using the previously reported equations \[[@B25]\]: TAN = ATP + ADP + AMP and AEC = (ATP + 0.5 ADP)/(ATP + ADP + AMP).

Isolation of hepatic mitochondria
---------------------------------

Hepatic mitochondria were isolated at 4℃ by using a standard procedure based on differential centrifugation \[[@B26]\]. Approximately 1 g of liver samples were immediately immersed in isolation buffer (0.1 µmol/L EDTA-2Na, 0.01 mol/L Tris-HCl, 0.8% sodium chloride solution, 0.01 mol/L sucrose, pH = 7.4). Tissue samples were then homogenized with an additional 9 volumes (wt/vol) of homogenization media in a homogenizer and centrifuged at 600 g for 10 min. The collected supernatants were centrifuged again at 11,000 g for 15 min. The supernatants were removed and resuspended in isolation buffer and centrifuged again at 11,000 g for 15 min to acquire mitochondria. The concentrations of mitochondrial protein were measured by using the bicinchoninic acid protein assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).

Measurement of hepatic mitochondrial pyruvate dehydrogenase (PDH), CS, isocitrate dehydrogenase (ICDH), α-ketoglutarate dehydrogenase (α-KGDH), and malate dehydrogenase (MDH) activities
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The activities of hepatic mitochondrial PDH, ICDH, and α-KGDH were determined by using the corresponding diagnostic kits (Suzhou Comin Biotechnology, Suzhou, Jiangsu, China). The activities of hepatic mitochondrial CS and MDH were determined by using corresponding diagnostic kits obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). Briefly, the activity of hepatic mitochondrial PDH was measured in the reaction with 2,6-dichlorophenolindophenol (2,6-DCPIP) by using a spectrophotometer and monitoring the reduction of 2,6-DCPIP at 600 nm \[[@B27]\]. One unit of PDH activity was defined as 1 nmol of 2,6-DCPIP reduced per minute at 37℃. The activity of hepatic mitochondrial CS was measured by applying the method of Shepherd et al. \[[@B28]\], which follows the enzyme-catalyzed reaction between oxaloacetic acid and acetyl-CoA. Absorbance was monitored at 412 nm with a spectrophotometer. One unit of CS activity was defined as the amount of enzyme catalyzing 1 nmol citrate per minute at 37℃. The activity of hepatic mitochondrial ICDH was measured by determining the production of NADH at 340 nm \[[@B29]\]. One unit of ICDH activity was defined as the amount of enzyme producing 1 nmol of NADH per minute at 37℃. The activity of hepatic mitochondrial α-KGDH was assayed by measuring the rate of increase of absorbance due to NADH at 340 nm \[[@B30]\]. One unit of α-KGDH activity was defined as the amount of enzyme producing 1 nmol of NADH per minute at 37℃. The activity of hepatic mitochondrial MDH was measured by applying the method of Mehler et al. \[[@B31]\], which follows the decrease in extinction at 340 nm consequent on the oxidation of NADH by oxaloacetate. One unit of MDH activity was defined as the amount of enzyme producing 1 µmol of NAD^+^ per minute at 37℃.

Measurement of hepatic mitochondrial respiratory chain complex I, II, III, IV, and V activities
-----------------------------------------------------------------------------------------------

Analyses were undertaken by using commercial kits (Suzhou Comin Biotechnology, Suzhou, Jiangsu, China). Briefly, the activity of mitochondrial complex I was measured according to the method described by Ragan \[[@B32]\], which follows the decrease in NADH absorbance (340 nm) that occurs when ubiquinone (CoQ~1~) is reduced to form ubiquinol. The activity of mitochondrial complex I was expressed as 1 nmol of NADH oxidized per minute per milligram of mitochondrial protein. The activity of mitochondrial complex II was measured according to the method described by Medja et al. \[[@B33]\], which follows the reduction of 2,6-DCPIP at 605 nm at 37℃. The activity of mitochondrial complex II was expressed as 1 nmol of 2,6-DCPIP reduced per minute per milligram of mitochondrial protein. The oxidation of reduced ubiquinone (CoQH~2~) by mitochondrial complex III was measured by using cytochrome c as an electron acceptor at 550 nm at 37℃ \[[@B34]\]. The activity of mitochondrial complex III was expressed as 1 nmol of CoQH~2~ oxidized per minute per milligram of mitochondrial protein. The activity of mitochondrial complex IV was measured according to the method described by Wharton et al. \[[@B35]\], which follows the oxidation of cytochrome c by the absorbance (550 nm) at 37℃. The activity of mitochondrial complex IV was expressed as 1 nmol of cytochrome c oxidized per minute per milligram of mitochondrial protein. The activity of mitochondrial complex V was determined by using a microcolorimetric assay that measures the production rate of inorganic phosphorus at 660 nm, which has been utilized for the formation of ATP from ADP \[[@B36]\]. The activity of mitochondrial complex V was expressed as 1 nmol of inorganic phosphorus production per minute per milligram of mitochondrial protein.

Total DNA extraction and analysis of mitochondrial DNA (mtDNA) content
----------------------------------------------------------------------

DNAiso reagent (TaKaRa, Otsu, Shiga, Japan) was used to extract total DNA from frozen liver samples. The relative content of mtDNA was determined by co-amplifying mt D-loop and β-actin according to the method in a previous study \[[@B37]\]. Real-time PCR was conducted by using an ABI StepOnePlus™ Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The reaction system was 20 µL in total, which consisted of 1 µL of forward primer, 1 µL of reverse primer, 8 µL of TaqMan Universal Master Mix (TaKaRa, Otsu, Shiga, Japan), 1 µL of probes, 1 µL of enhance solution, 1 µL of DNA template, and 7 µL of double-distilled water. The reaction conditions were as follows: 10 s at 95℃, 50 cycles of 5 s at 95℃, 25 s at 60℃, and 10 s at 95℃. The 2-^ΔΔCt^ method was used to calculate the relative mtDNA content \[[@B37]\]. The primer sequences used to measure the content of mtDNA are shown in [Table 2](#T2){ref-type="table"}.

Total RNA extraction and mRNA quantification
--------------------------------------------

Trizol reagent (TaKaRa, Otsu, Shiga, Japan) was used to extract total RNA from frozen liver samples. After determination of RNA concentration, mRNA was reverse-transcribed into complementary DNA (cDNA) by using a reverse transcription kit (TaKaRa, Otsu, Shiga, Japan). Real-time PCR was conducted by using an ABI StepOnePlus™ Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The reaction system was 20 µL in total, which consisted of 0.4 µL each of forward and reverse primers, 0.4 µL of ROX reference dye, 10 µL of SYBR Premix Ex Taq™ (TaKaRa, Otsu, Shiga, Japan), 6.8 µL of double-distilled water, and 2 µL of cDNA template. Each sample was assayed in duplicate. The reaction conditions were as follows: 30 s at 95℃, 40 cycles of 5 s at 95℃, and 30 s at 60℃. The relative mRNA expression levels were calculated by the 2-^ΔΔ^Ct method after normalization to that of β-actin \[[@B38]\]. The values of the NBW-CON group were used as a calibrator. The primer sequences for sirtuin 1 (SIRT1), peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α), nuclear respiratory factor 1 (NRF1), mitochondrial transcription factor A (TFAM), NADH dehydrogenase 1α subcomplex, 1 (NDUFA1), NADH dehydrogenase 1α subcomplex, 13 (NDUFA13), NADH dehydrogenase 1β subcomplex, 1 (NDUFB1), succinate dehydrogenase complex, subunit A (SDHA), succinate dehydrogenase complex, subunit B (SDHB), cytochrome c oxidase subunit I (COX I), cytochrome c oxidase subunit IV (COX IV), cytochrome c oxidase subunit V (COX V), ATP synthase, H^+^ transporting, mitochondrial F0 complex, subunit C1 (ATP5G1), ATP synthase, H^+^ transporting, mitochondrial F1 complex, β polypeptide (ATP5B), and β-actin are shown in [Table 2](#T2){ref-type="table"}.

Western blot
------------

Approximately 40 mg of frozen liver samples were homogenized in RIPA lysis buffer (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) and phenylmethanesulfonyl fluoride (PMSF, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) by using a glass homogenizer. The homogenates were centrifuged at 12,000 g, and the supernatants were transferred to new tubes. The protein concentrations were measured by using a commercial kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). Protein (40 µg) from the supernatant of each sample was electrophoresed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked with Tris-buffered saline Tween-20 containing 5% non-fat dry milk for 90 min at room temperature. Then, the membranes were washed and probed with the polyclonal antibodies. The primary antibody was anti-peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α, 1:500; Abcam, Cambridge, MA, USA). The membranes were washed and incubated with a secondary antibody (horseradish peroxidase-conjugated anti-goat IgG, 1:2000; Abcam, Cambridge, MA, USA) for 1 h at room temperature. The blots were developed by using an enhanced chemiluminescence kit (ECL-plus, Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) followed by autoradiography. Images were recorded by a Luminescent Image Analyzer LAS-4000 system (Fujifilm Co. Ltd., Tokyo, Japan) and quantified by using Gel-Pro Analyzer 4.0 software (Media Cybernetics, Silver Spring, MD, USA).

Statistical analysis
--------------------

Data were analyzed by using SPSS 16.0 software (SPSS, Chicago, IL, USA). The general linear model procedure was used to look for significant differences, comparing the main experimental variables (BW and Diet) and their interaction. If significant differences (*P* \< 0.05) were detected in the interaction of the main effects, Duncan\'s multiple range test was used to compare the means. *P*-values less than 0.05 were considered statistically significant, and *P*-values between 0.05 and 0.10 were considered a trend. Results are expressed as means ± SEM.

RESULTS
=======

Hepatic ATP, ADP, and AMP concentrations
----------------------------------------

There was a significant decrease (*P* \< 0.05) in hepatic ATP concentration of IUGR piglets compared that in NBW piglets ([Table 3](#T3){ref-type="table"}). An increased concentration of ATP (*P* \< 0.05) in the liver was observed in piglets given a leucine-supplemented diet compared to piglets given a control diet. There were no differences in other parameters among the groups (*P* \> 0.10).

Hepatic mitochondrial PDH, CS, ICDH, α-KGDH, and MDH activities
---------------------------------------------------------------

The activities of mitochondrial PDH, CS, α-KGDH, and MDH in the liver of IUGR piglets were significantly lower (*P* \< 0.05) than those in NBW piglets ([Table 4](#T4){ref-type="table"}). Piglets given a leucine-supplemented diet exhibited increased (*P* \< 0.05) activities of hepatic mitochondrial CS, α-KGDH, and MDH compared with those given a control diet. Dietary leucine supplementation tended to partially recover the decrease (*P* = 0.083) in the hepatic mitochondrial ICDH activity of weanling piglets. Additionally, BW and Diet had an obvious interaction effect (*P* \< 0.05) on hepatic mitochondrial MDH activity, in which dietary leucine supplementation increased hepatic mitochondrial MDH activity in IUGR piglets rather than NBW piglets.

Mitochondrial respiratory chain complex activities
--------------------------------------------------

There were obvious decreases (*P* \< 0.05) in the activities of hepatic complexes I and V in IUGR piglets compared to those in NBW piglets ([Table 5](#T5){ref-type="table"}). In contrast, increased complex V activity (*P* \< 0.05) was observed in piglets given a leucine-supplemented diet compared to piglets given a control diet. There were no significant differences in the activities of complexes II, III, and IV (*P* \> 0.10) among the groups.

Hepatic mtDNA content
---------------------

The hepatic mtDNA content was decreased (*P* \< 0.05) in IUGR piglets compared to that in NBW piglets ([Fig. 1](#F1){ref-type="fig"}). Dietary leucine supplementation increased (*P* \< 0.05) the content of hepatic mtDNA in weanling piglets. Additionally, BW and Diet had an obvious interaction effect (*P* \< 0.05) on hepatic mtDNA content, in which dietary leucine supplementation increased hepatic mtDNA content in IUGR piglets rather than NBW piglets.

Messenger RNA expressions
-------------------------

Compared with NBW piglets, IUGR piglets had downregulated (*P* \< 0.05) mRNA abundances of SIRT1, PGC-1α, NRF1, TFAM, SDHA, and ATP5B in liver ([Fig. 2](#F2){ref-type="fig"}). A similar trend was observed in hepatic NDUFB1 (*P* = 0.061) and COX V (*P* = 0.059) mRNA expressions in IUGR piglets. Dietary leucine supplementation increased (*P* \< 0.05) mRNA expressions of hepatic SIRT1, PGC-1α, NRF1, TFAM, and ATP5B in piglets. In addition, dietary leucine supplementation alleviated (*P* \< 0.05) the IUGR-induced decrease in hepatic PGC-1α and TFAM expressions. There were no significant differences in transcriptional levels of NDUFA1, NDUFA13, SDHB, COX I, COX IV, and ATP5G1 (*P* \> 0.10) among the groups.

Protein expression of hepatic PGC-1α
------------------------------------

The protein expression of hepatic PGC-1α was decreased (*P* \< 0.05) in IUGR piglets compared to that in NBW piglets ([Fig. 3](#F3){ref-type="fig"}). Dietary leucine supplementation tended to partially recover the decrease (*P* = 0.070) in protein expression of hepatic PGC-1α induced by IUGR.

DISCUSSION
==========

The results of the present study show that dietary leucine supplementation can increase hepatic ATP production of weanling piglets, which is concomitant with increased mtDNA content, upregulated mRNA abundances of hepatic genes involved in mitochondrial biogenesis, and improved activities of CS, α-KGDH, MDH, and complex V. These changes might further strengthen the beneficial effects that leucine has on mitochondrial biogenesis and energy metabolism in animals \[[@B16][@B39]\].

It has been demonstrated that IUGR decreases AEC and ATP/ADP in the liver of fetal rats \[[@B40]\], which is similar to the present study\'s result showing that IUGR offspring had a lower hepatic ATP content than their heavier counterparts. Such a decrease, most likely, resulted from impaired mitochondrial biogenesis and low energy metabolism capacity \[[@B41]\]. Indeed, the present results indicate that IUGR decreases the hepatic mtDNA concentration in piglets, together with a reduction in the influence of multiple transcription factors related to mitochondrial biogenesis. Similarly, Park et al. \[[@B5]\] reported that IUGR decreased hepatic mtDNA levels in rats. The regulation of mitochondrial biogenesis, requiring the interaction of multiple transcriptional factors, is a complex biological process \[[@B42]\]. PGC-1α, a transcriptional coactivator, increases mitochondrial biogenesis and OXPHOS through the replication and transcription of mtDNA \[[@B3]\]. In the present study, IUGR decreased PGC-1α at both the transcription and translation levels. Previous researchers have also shown an obvious decrease in the mRNA expression of PGC-1α in the liver of IUGR offspring during early life \[[@B43]\]. These results indicate that IUGR may cause mitochondrial dysfunction, resulting from an eventual inhibition of hepatic PGC-1α expression.

SIRT1 is a stimulator of mitochondrial biogenesis through PGC-1α deacetylation \[[@B44]\]. In this study, there was a decrease in hepatic SIRT1 mRNA expression in IUGR piglets, suggesting a possible explanation for their low energy metabolism efficiency. Previous researchers have also demonstrated a significantly decreased mRNA expression of SIRT1 in the liver of IUGR offspring \[[@B37]\]. NRF1, a DNA-binding transcription factor, regulates numerous mitochondrial gene expressions \[[@B45]\]. In this study, IUGR downregulated the mRNA expression of hepatic NRF1, which is in agreement with the results of previous research \[[@B37]\]. In addition, a concomitantly reduced transcription of hepatic TFAM was noted in the present study\'s IUGR piglets. TFAM, a key regulator involved in mtDNA replication and transcription, could be regulated by PGC-1α and NRF1 to activate mitochondrial biogenesis \[[@B46][@B47]\]. Similarly, Zhang et al. \[[@B7]\] found a decreased transcriptional level of hepatic TFAM in IUGR weanling piglets.

Another manifestation of mitochondrial energy production impairment in the IUGR piglets was the reduction of tricarboxylic acid (TCA) cycle flux. In the present study, the activities of mitochondrial PDH, CS, α-KGDH, and MDH in the liver of IUGR piglets were significantly lower than those in the liver of NBW piglets. Peterside et al. \[[@B8]\] previously reported that IUGR decreased hepatic PDH activity in rats, which is a key entry point for carbon in the TCA cycle. Such a decrease may provide a possible explanation for the observed decreases in CS, α-KGDH, and MDH activities. Zhang et al. \[[@B7]\] obtained similar findings in another study. Previous studies have also suggested that decreased ATP production might result from the low capacity of the electron transport chain in different IUGR animal models \[[@B7][@B40]\]. In the present study, IUGR induced an obvious reduction in the activities of complexes I and V in the liver of piglets. A similar result has been reported by Simmons et al. \[[@B48]\], who indicated that the activities of complexes I and III were decreased in IUGR rats. Furthermore, control of the OXPHOS process can be regulated by multiple transcriptional factors. The present results indicate that the mRNA expression of SDHA is downregulated in IUGR piglets, which is consistent with previous results \[[@B7]\]. In addition, a lower level of mRNA expression of ATP5B was found in the liver of IUGR piglets. Similarly, Morris et al. \[[@B49]\] revealed that there is functional impairment of the OXPHOS process in IUGR rats, as evidenced by the decreased expression of ATP synthase.

It has been reported that BCAA can improve mtDNA content in both *in vivo* and *in vitro* experiments \[[@B16][@B39]\]. In this study, dietary leucine supplementation prevented the typical drop in mtDNA content induced by IUGR, and the drop in mtDNA may be regulated by multiple transcriptional factors \[[@B42]\]. In fact, leucine treatment alleviated the IUGR-induced decreases in mRNA expression levels of PGC-1α and TFAM, and it upregulated the transcriptional level of NRF1 in the liver of piglets. Similarly, a previous rodent study indicated that leucine can upregulate hepatic PGC-1α, NRF1, and TFAM at the transcriptional level \[[@B39]\]. PGC-1α is a potent coactivator of the central transcription factor NRF1 in regulating transcription of the TFAM gene, which controls the sole mtDNA promoter and replication of mtDNA \[[@B3][@B46]\]. In addition, an *in vitro* study confirmed that leucine could stimulate the expressions of PGC-1α and NRF1 via a SIRT1-dependent pathway to induce mitochondrial biogenesis \[[@B18]\]. Thus, the increased mRNA abundance of SIRT1 observed in the liver of piglets fed a leucine-supplemented diet may contribute to the activation of the PGC-1α/NRF1/TFAM pathway.

Li et al. \[[@B16]\] reported that dietary inclusion of leucine recovered a high-fat-diet-induced decrease in CS activity. In this study, dietary leucine supplementation increased the mitochondrial activities of CS, α-KGDH, and MDH in the liver of piglets. At the same time, treatment with leucine counteracted the IUGR-induced decreased hepatic mitochondrial MDH activity in the liver of piglets, which has a role in improving the flux of the TCA cycle. Leucine provides carbon skeletons to the TCA cycle at the level of acetyl-CoA, which may enhance cycle flux \[[@B50]\]. Thus, the suppression of CS, α-KGDH, and MDH may be removed via increased acetyl-CoA content from the oxidation of leucine. The present study indicated that dietary leucine supplementation increased the activity of mitochondrial respiratory chain complex V, which was closely related to ATP production and the function of mitochondria in piglets. In addition, dietary leucine supplementation increased the mRNA expression of ATP5B in weanling piglets. It has been reported that ATP5B may exert an effect on energy production and ATP synthesis \[[@B51]\]. The report by D\'Antona et al. \[[@B39]\] indicated that BCAA increases the mRNA expression of the β subunit of F1-ATPase. In addition, it has been shown that leucine supplementation increases ATP concentration and prevents mitochondrial dysfunction in high-fat-diet-induced obese mice \[[@B16]\]. Also, an *in vitro* study on cultured cardiomyocytes revealed that BCAA supplementation increased the production of ATP \[[@B39]\]. In the current study, dietary leucine supplementation increased the content of ATP in the liver of piglets. Taken together, these data indicate that leucine stimulates ATP production by improving mitochondrial biogenesis and energy metabolism in weanling piglets.

In conclusion, the present study demonstrates that leucine may have beneficial effects in hepatic mitochondrial biogenesis and energy metabolism in weanling piglets, which may provide another clue to the mechanism behind the improved growth performance observed previously \[[@B19]\]. The results of this study may be helpful in developing a new feeding strategy for IUGR offspring to attenuate energy deficiency during early life.
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![Effects of dietary leucine supplementation on the hepatic mitochondrial DNA content in normal birth weight and intrauterine growth-retarded weanling piglets.\
NBW-CON, normal birth weight group given a control diet; NBW-LEU, normal birth weight group given a leucine-supplemented diet; IUGR-CON, intrauterine growth-retarded group given a control diet; IUGR-LEU, intrauterine growth-retarded group given a leucine-supplemented diet; BW, birth weight; mtDNA, mitochondrial DNA. Data are presented as means ± SEM (n = 8/group). Mean values in columns with unlike superscript letters were significantly different (*P* \< 0.05).](nrp-11-121-g001){#F1}

![Effects of dietary leucine supplementation on the hepatic mRNA expressions related to mitochondrial biogenesis and energy metabolism in normal birth weight and intrauterine growth-retarded weanling piglets.\
(A) Relative mRNA expressions of SIRT1, PGC-1α, NRF1, TFAM, NDUFA1, NDUFA13, and NDUFB1. (B) Relative mRNA expressions of SDHA, SDHB, COX I, COX IV, COX V, ATP5G1, and ATP5B. NBW-CON, normal birth weight group given a control diet; NBW-LEU, normal birth weight group given a leucine-supplemented diet; IUGR-CON, intrauterine growth-retarded group given a control diet; IUGR-LEU, intrauterine growth-retarded group given a leucine-supplemented diet; BW, birth weight; SIRT1, sirtuin 1; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; NRF1, nuclear respiratory factor 1; TFAM, mitochondrial transcription factor A; NDUFA1, NADH dehydrogenase 1α subcomplex, 1; NDUFA13, NADH dehydrogenase 1α subcomplex, 13; NDUFB1, NADH dehydrogenase 1β subcomplex, 1; SDHA, succinate dehydrogenase complex, subunit A; SDHB, succinate dehydrogenase complex, subunit B; COX I, cytochrome c oxidase subunit I; COX IV, cytochrome c oxidase subunit IV; COX V, cytochrome c oxidase subunit V; ATP5G1, ATP synthase, H^+^ transporting, mitochondrial F0 complex, subunit C1; ATP5B, ATP synthase, H^+^ transporting, mitochondrial F1 complex, β polypeptide. Data are presented as means ± SEM (n = 8/group). Mean values in columns with unlike superscript letters were significantly different (*P* \< 0.05).](nrp-11-121-g002){#F2}

![Effects of dietary leucine supplementation on the protein expression of hepatic PGC-1α in normal birth weight and intrauterine growth-retarded weanling piglets.\
NBW-CON, normal birth weight group given a control diet; NBW-LEU, normal birth weight group given a leucine-supplemented diet; IUGR-CON, intrauterine growth-retarded group given a control diet; IUGR-LEU, intrauterine growth-retarded group given a leucine-supplemented diet; BW, birth weight; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α. Data are presented as means ± SEM (n = 8/group). Mean values in columns with unlike superscript letters were significantly different (*P* \< 0.05).](nrp-11-121-g003){#F3}

###### The composition and nutrient levels of diets

![](nrp-11-121-i001)

^1)^ In premix, provided per kilogram of diet: Vitamin A, 15,000 IU; Vitamin D~3~, 3,000 IU; Vitamin E, 150 mg; Vitamin K~3~, 3 mg; Vitamin B~1~, 3 mg; Vitamin B~2~, 6 mg; Vitamin B~6~, 5 mg; Vitamin B~12~, 0.03 mg; Niacin, 45 mg; Vitamin C, 250 mg; Calcium pantothenate, 9 mg; Folic acid, 1 mg; Biotin, 0.3 mg; Choline chloride, 500 mg; Fe, 170 mg; Cu, 150 mg; I, 0.90 mg; Se, 0.2 mg; Zn, 150 mg; Mg, 68 mg; Mn, 80 mg; Co, 0.30 mg.

###### Primer sequences used in the real-time PCR

![](nrp-11-121-i002)

^1)^ SIRT1, sirtuin 1; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; NRF1, nuclear respiratory factor 1; TFAM, mitochondrial transcription factor A; NDUFA1, NADH dehydrogenase 1α subcomplex, 1; NDUFA13, NADH dehydrogenase 1α subcomplex, 13; NDUFB1, NADH dehydrogenase 1β subcomplex, 1; SDHA, succinate dehydrogenase complex, subunit A; SDHB, succinate dehydrogenase complex, subunit B; COX I, cytochrome c oxidase subunit I; COX IV, cytochrome c oxidase subunit IV; COX V, cytochrome c oxidase subunit V; ATP5G1, ATP synthase, H^+^ transporting, mitochondrial F0 complex, subunit C1; ATP5B, ATP synthase, H^+^ transporting, mitochondrial F1 complex, β polypeptide; mt D-loop, mitochondrial displacement loop region.

###### Effects of dietary leucine supplementation on the hepatic metabolite concentrations in normal birth weight and intrauterine growth-retarded weanling piglets

![](nrp-11-121-i003)

^1)^ NBW-CON, normal birth weight group given a control diet; NBW-LEU, normal birth weight group given a leucine-supplemented diet; IUGR-CON, intrauterine growth-retarded group given a control diet; IUGR-LEU, intrauterine growth-retarded group given a leucine-supplemented diet; BW, birth weight; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; TAN, total adenine nucleotide, TAN = ATP + ADP + AMP; AEC, adenylate energy charges, AEC = (ATP + 0.5 ADP)/(ATP + ADP + AMP). Data are presented as means ± SEM (n = 8/group). Mean values within a row with unlike superscript letters were significantly different (*P* \< 0.05).

###### Effects of dietary leucine supplementation on the activities of hepatic mitochondrial enzymes related to energy metabolism in normal birth weight and intrauterine growth-retarded weanling piglets

![](nrp-11-121-i004)

^1)^ NBW-CON, normal birth weight group given a control diet; NBW-LEU, normal birth weight group given a leucine-supplemented diet; IUGR-CON, intrauterine growth-retarded group given a control diet; IUGR-LEU, intrauterine growth-retarded group given a leucine-supplemented diet; BW, birth weight; PDH, pyruvate dehydrogenase; CS, citrate synthase; ICDH, isocitrate dehydrogenase; α-KGDH, α-ketoglutarate dehydrogenase; MDH, malate dehydrogenase. Data are presented as means ± SEM (n = 8/group). Mean values within a row with unlike superscript letters were significantly different (*P* \< 0.05).

###### Effects of dietary leucine supplementation on the hepatic mitochondrial respiratory chain complex activities in normal birth weight and intrauterine growth-retarded weanling piglets
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^1)^ NBW-CON, normal birth weight group given a control diet; NBW-LEU, normal birth weight group given a leucine-supplemented diet; IUGR-CON, intrauterine growth-retarded group given a control diet; IUGR-LEU, intrauterine growth-retarded group given a leucine-supplemented diet; BW, birth weight. Data are presented as means ± SEM (n = 8/group). Mean values within a row with unlike superscript letters were significantly different (*P* \< 0.05).
